, initially identified as a Fas-associated death-domain containing protein, functions as an adapter molecule in apoptosis initiated by Fas, tumor necrosis factor receptor-I, DR3, and TRAILreceptors. However, FADD likely participates in additional signaling cascades. FADD-null mutations in mice are embryonic-lethal, and analysis of FADD ؊/؊ T cells from RAG-1 ؊/؊ reconstituted chimeras has suggested a role for FADD in proliferation of mature T cells. Here, we report the generation of T cell-specific FADDdeficient mice via a conditional genomic rescue approach. We find that FADD-deficiency leads to inhibition of T cell development at the CD4 ؊ CD8 ؊ stage and a reduction in the number of mature T cells. The FADD mutation does not affect apoptosis or the proximal signaling events of the pre-T cell receptor; introduction of a T cell receptor transgene fails to rescue the mutant phenotype. These data suggest that FADD, through either a death-domain containing receptor or a novel receptor-independent mechanism, is required for the proliferative phase of early T cell development.
F
as-associated death domain (FADD)͞Mort1 was initially isolated as a protein that interacts with the cytoplasmic tail of the Fas receptor in a yeast two-hybrid system (1) (2) (3) . FADD consists of a ''death effector domain'' at its amino terminus and a ''death domain'' at its carboxyl terminus. The death domain was shown to serve as a protein-protein interaction region with several death-domain containing members of the tumor necrosis factor receptor (TNFR) family. The FADD death effector domain recruits caspase-8 (4, 5) . Upon interaction of Fas by FasL, for example, FADD, and subsequently caspase-8, are brought to the ''death-inducing signaling complex'' at the membrane (3, 6, 7) . It was suggested that proximity among caspase-8 molecules within the death-inducing signaling complex leads to intermolecular processing and activation of caspase-8 (8, 9) . This eventually leads to cleavage of the downstream targets and apoptosis. In addition to the Fas pathway, FADD also is required for signaling of cell death initiated by TNFR-I, DR3, and the TNF-related apoptosis-inducing ligand (TRAIL) receptors DR4 and DR5. FADD-deficient MEFs or FADD Ϫ/Ϫ Jurkat T cells are completely resistant to apoptosis mediated by anti-Fas agonist antibody, TNF␣,or TRAIL (10 -15) .
Apart from its role in apoptosis, analysis of FADD Ϫ/Ϫ mice showed that FADD is also involved in other biological processes (10, 11) . FADD-deficient embryos die of heart defects at day 10 of gestation. This could be caused by either a requirement of a death-domain containing receptor in heart development or an involvement of FADD in other unknown processes during differentiation (10, 11) . Additionally, FADD appears to play a role in T cell proliferation and͞or lymphocyte development. In RAG-1 Ϫ/Ϫ chimeras reconstituted with FADD Ϫ/Ϫ embryonic stem cells, B cell development is blocked. T cell development appears to be normal in newborn chimeras, but no thymocytes can be found in animals of 5 wk or older (11) . Mature CD4 T cells fail to proliferate to the same extent as their wild-type counterparts (11) .
The impaired T cell development obser ved in FADD Ϫ/Ϫ 3RAG-1 Ϫ/Ϫ chimeras could be caused by the early effect of the FADD mutation in lymphoid progenitor cells or later during T cell development. To explore this issue in more detail, we developed and characterized T cell-specific FADD knockout mice. We first generated transgenic mice carrying a 12-kilobase (kb) fragment of the FADD genomic locus flanked by two loxP recombination sites, henceforth termed Tg-FADD mice. We show that this transgene is sufficient to rescue FADD Ϫ/Ϫ mice from embryonic lethality and that FADD transgenic mice are phenotypically normal. To induce deletion of the transgene in T cells, FADD Ϫ/Ϫ mice bearing the FADD transgene were further crossed to the lck-Cre transgenic mice, which express the Cre recombinase in T cells (16) 
Materials and Methods
Plasmids. The 12.2-kb EcoRV fragment from the FADD gene, which includes both exons, was cloned into the EcoRI͞SmaI site of pSP72 (Promega) plasmid. For the 5Ј-loxP site, a 44-bp double-stranded oligonucleotide (5Ј-GTACCCGGGATAACT-TCGTATAGCATACATTA TACGAAGTTATG) was inserted into the 5Ј-KpnI (Asp718) site. Another subclone, MortE4.7, which is the 4.7-kb EcoRI fragment of the FADD gene cloned into the EcoRI site of pSP72 (3), was used to introduce the 3Ј-loxP site. A 44-bp double-stranded oligonucleotide (5Ј-CCTAAGCTTATAACTTCGTATAGCATACATTAT-ACGAAGTTATAGG) was inserted into the StuI site of the MortE4.7 subclone. Upon insertion of the loxP oligonucleotides, each of the positive clones was sequenced to ensure that only one oligonucleotide was inserted into the site in the appropriate orientation. The 4.7-kb EcoRI fragment of the clone with a 3Ј-loxP site was then used to replace the EcoRI fragment of the EcoRV 12.2-kb fragment that had the 5Ј-loxP site. The final construct was digested with SalI͞ClaI, and the 12.2-kb fragment was injected into pronucleus of (C57BL͞6 ϫ CBA)F 1 fertilized eggs to generate transgenic mice. 59°C, and 1 min at 72°C for 29 cycles. For the FADD transgenic mice, the PCR primers used were CATTGAGGCCTAAGCT-TATAAC and GGCTTGAGGCCAACCTAGGTTAC (195-bp product). For lck-Cre, the primers used were CCAGCTAAA-CATGCTTCATCGTC and CCTGATCCTGGCAATTTCGG (265-bp product). For typing FADD ϩ/Ϫ and FADD Ϫ/Ϫ mice, the oligonucleotides used were ACTGTAGTGCCCAGCA-GAGACCAGC and CGCTCGGTGTTCGAGGCCACACGC (380-bp product).
Quantitative PCR. The ABI 5700 with the GENEAMP 5700 SDS software, version 1.1, was used to distinguish FADD ϩ/Ϫ from FADD Ϫ/Ϫ DNA. ␥-Actin primers were used as loading controls (GCACCTAGCACGATGA AGAT TA AG and GCCAC-CGATCCAGACTGAGT). The primers in the neomycin gene were TGCTCCTGCCGAGAAAGTATC and GCCGGAT-CAAGCGTATGC. The tail DNA from a FADD ϩ/Ϫ mouse was used to derive a standard curve whereby one vs. two copies of neomycin (FADD ϩ/Ϫ vs. FADD Ϫ/Ϫ ) could be deduced on an unknown tail sample.
Flow Cytometry. Cell suspensions were prepared from lymphoid organs of mice 3-8 wk of age. In brief, thymocytes, lymph node cells, and splenocytes were harvested and depleted of erythrocytes by treatment for 5 min at room temperature with red blood cell lysis buffer (Sigma). Cells were filtered, washed, and resuspended in PBS, 4% FCS, and 1 mM NaN 3 for analysis. One million peripheral lymphoid cells were incubated with antiFc␥II͞III receptor antibody (2.4G2, PharMingen) and normal rabbit serum for 10 min 4°C before cell surface staining. CD4, CD8, B220, and streptavidin-tricolor antibodies were purchased from Caltag. CD25 and CD44 were purchased from PharMingen. Anti-IgM antibody was purchased from Southern Biotechnology Associates. Cell surface staining was carried out for an additional 20 min in staining buffer with the appropriate antibodies. Cells were washed twice, and analysis was performed on the Coulter EPICS XL-MCL machine.
Western Blot Analysis. For anti-FADD Western blot, 1.0-2.5 ϫ 10 7 cells were lysed in 0.5% Nonidet P-40, 150 mM NaCl, 1 mM EDTA, 50 mM Tris (pH 7.5), 1 mM DTT, 0.1 M NaF, 1 mM Na 3 VO 4 , and 1 mM PMSF. Lysates from 2.5 or 5 million cells were loaded per lane and resolved in 12% SDS͞PAGE. Gels were transferred to Optitran membrane (Schleicher & Schuell), blocked for 2 h at room temperature, and incubated with primary antibody (polyclonal anti-FADD) at 4°C overnight. The blot was washed and probed with horseradish peroxidase-conjugated anti-rabbit antibodies (Amersham Pharmacia). Chemiluminescence was carried out by using Renaissance Western blot chemiluminescence reagent (New England Nuclear).
Apoptotic Assays. Thymocytes were stained with 20 g͞ml 7-aminoactinomycin D (Sigma) in PBS, 4% FCS, and 1 mM NaN 3 for 15 min at 4°C. Cells were washed twice, and annexin V staining was performed as per manufacturer's protocols except that 2 l of annexin V biotin was used instead of the recommended 5 l. Annexin V biotin conjugate was purchased from PharMingen. The secondary reagent was streptavidin PE purchased from Dako. This reagent was added directly during the annexin V-binding reaction at 3 l͞sample. Analysis was carried out within 1 h of post-staining on the Coulter EPICS XL-MCL.
Results
Genomic Rescue of FADD ؊/؊ Mice by a Tg-FADD Construct. We used a 12-kb EcoRV fragment of the FADD gene as the basis for a transgenic rescue construct. Two loxP recombination sites were introduced to flank both FADD exons (Fig. 1a) such that recombination between these sites would lead to deletion of the elements needed for controlling FADD transcription, at least in fibroblasts. Four transgenic founders with varying copy numbers (16, 8, 5 , and 4 copies) were generated by using this Tg-FADD construct. In the lowest copy mice, FADD expression was slightly elevated in comparison to the nontransgenic FADD ϩ/Ϫ control (Fig. 1c) . Three of these founders were bred to FADD ). Southern blot analysis confirms that the transgenic FADD band is decreased but not completely eliminated in thymus DNA of lck-Cre transgenic mice compared to tail DNA (Fig. 1d) . In contrast, no change of the FADD transgene band was evident in the thymus DNA of littermates without the lck-Cre transgene (Fig. 1d) . The incomplete deletion of Tg-FADD could be caused by variegated expression of the Cre transgene. Alternatively, this could be caused by preferential selection of FADD ϩ thymocytes during proliferation at the DN͞DP transition (see below). In fact, the ratio of transgenic and endogenous bands in peripheral T cells of tFADD Ϫ/Ϫ mice is similar to that of their Cre-deficient controls (Fig. 1d) , suggesting that FADD ϩ T cells do indeed have a survival advantage over FADD-deficient T cells.
Analysis of tFADD ؊/؊ Mice. The T cell compartments of mice with tFADD Ϫ/Ϫ genotype were examined. The total cell numbers of thymocytes, splenocytes, and lymph nodes were determined, and flow cytometric analysis was carried out. As shown in Fig. 2a , the overall thymocyte cellularity is reduced in tFADD Ϫ/Ϫ mice. As compared to their non-Cre transgenic littermates, there is an average of a 2.2-fold reduction in their thymocyte cellularity. The cellularity of the lymph nodes or spleen does not change dramatically (Fig. 2a and data not shown) . Nevertheless, flow cytometric analysis with CD4-and CD8-specific antibodies or with IgM and B220-specific antibodies shows that there are lower percentages of CD4 and CD8 T cells and a higher percentage of B cells in the periphery (Fig. 2b) .
Further analysis of tFADD Ϫ/Ϫ thymocytes shows an increase in the percentage of DN and a decrease in DP T cells as compared to their FADD ϩ littermate controls (Fig. 2b) . In terms of absolute cell numbers, this translates into fewer DP thymocytes in tFADD (17) . The DN3 population can be further subdivided into E and L cells based on their cell size (E and L correspond to small and large cells, respectively) (18, 19) . Pre-T cell receptor (pre-TCR) signaling initiates between the E and L DN3 stage. Development of DP thymocytes begins with the proliferation at the L cell stage and continues through the DN4 stage (18, 19) . Mutations of many genes, including T cell receptor ␤ gene, RAG-1, RAG-2, SLP-76, lck͞fyn kinases, and BRCA-1, result in a block at the DN3 stage (20 -25) . To see how the FADD mutation affects early T cell development, tFADD Ϫ/Ϫ thymocytes were stained for CD4, CD8, CD44, and CD25. The expression of CD44 and CD25 on DN (CD4 Ϫ CD8 Ϫ ) T cells was then analyzed. As shown in Fig. 3a , we found an accumulation of DN3 thymocytes and a corresponding decrease of DN4 T cells in tFADD Ϫ/Ϫ thymus as compared to their littermate controls (Fig. 3a) . The initial pre-TCR signaling appears to be intact as the progression of E to L cells in the DN3 population is normal (Fig. 3b) . A slight increase in the L cell population of the tFADD Ϫ/Ϫ thymus is consistent with a proliferation defect between DN3 (L)͞DN4 to DP stages. No significant changes in apoptotic cells are found in the T cell-specific FADD knockout mice as detected by a combination staining of annexin V and 7-aminoactinomycin D in DN thymocytes (Fig.  3c) . To confirm that the tFADD Ϫ/Ϫ phenotype is not due to a problem with the initial pre-TCR signaling and͞or pre-TCR assembly, we crossed tFADD Ϫ/Ϫ mice to the 2C TCR transgenic mice. Transgenic TCR has been shown to mimic pre-TCR signaling, leading to an acceleration of T cell development. Thymocyte cell number and CD4 vs. CD8 profiles of 2C TCR transgenic mice between tFADD Ϫ/Ϫ and FADD positive littermates were compared. Consistent with the notion that the initial pre-TCR signaling is not affected by the FADD mutation, introduction of the 2C prerearranged TCR transgene does not rescue the FADD Ϫ/Ϫ phenotype (Fig. 4) . Again, a decrease in thymus cellularity and an increase in percentage of DN thymocytes are evident in the FADD-mutant 2C transgenic mice. We conclude from these results that a FADD-null mutation leads to an impairment of early T cell development between the DN3 (L)͞DN4 to DP stages.
Discussion
Members of the TNFR superfamily have been shown to participate in a variety of cellular processes, including apoptosis, differentiation, and proliferation (26) (27) (28) (29) (30) . Those involved in apoptosis contain cytoplasmic tails with a death domain. This domain serves as a protein-protein interacting region to recruit death-domain containing signaling molecules that include FADD and TRADD, an adapter protein that binds to the TNFR-1 death domain (1, 2, 31) . TRADD also recruits FADD to the signaling complex (32) . Genetic and biochemical studies have shown that FADD is involved in signal transduction of all death-domain containing TNFR family members, including Fas, TNF receptor type I, DR3, and TRAIL receptors DR4 and DR5. FADD-deficient MEF and Jurkat cells are resistant to anti-Fas apoptosis as well as TNF␣-and TRAIL-mediated death (10) (11) (12) (13) (14) (15) . Upon ligand-receptor engagement, FADD and its downstream effector caspase, caspase-8, are found in the receptor-signaling complex of Fas, TNF, DR4, and DR5 (4, 5, 7, 33, 34) . Thus, FADD is a universal adapter protein that mediates signaling of all known death-domain containing members of the TNF receptor superfamily.
The role of several TNFR family members in the immune system has been elucidated through phenotypic analysis of the corresponding mutant mice. Mice with mutations at the Fas or FasL locus develop severe autoimmunity with symptoms that include splenomegaly, lymphadenopathy, increased serum immunoglobulins, development of anti-double-stranded DNA antibodies, and glomerulonephritis (35, 36) . Mice deficient in both TNFR-I and Fas develop autoimmunity at an accelerated pace (37) . These data suggest that Fas and TNFR play a crucial role in the maintenance of peripheral tolerance and apoptosis of mature T and B lymphocytes. In contrast to Fas-and TNFR-I-deficient mice, however, FADD-null mice die during gestation and FADD Ϫ/Ϫ 3RAG-1 Ϫ/Ϫ chimeras do not develop any autoimmunity (10, 11) . Because the characterization of DR3-or DR4͞5-null mice has not been reported, the requirement of FADD during embryogenesis could be caused by the need of one of these TNFR family members during development. The phenotype observed in FADD Ϫ/Ϫ embryonic stem cell reconstituted RAG-1 Ϫ/Ϫ chimeras has suggested novel roles for FADD. In addition to problems in B cell development, FADD Ϫ/Ϫ mature T cells fail to proliferate normally when challenged with anti-CD3 and anti-CD28 antibodies. However, the lack of proliferation could formally be due to secondary defects of abnormal T cell development. FADD thymocyte populations appear to be normal in newborn chimera but 5-wk-old animals do not have any thymocytes (11) . The absence of DP in these animals could be due to a block in DN to DP transition. Alternatively, the observed FADD Ϫ/Ϫ T cell phenotype also could be caused by a defect in the common lymphoid progenitors or an accelerated process of apoptosis in the absence of FADD.
Several groups have attempted to examine the role of FADD in T cell development by over-expressing a FADD dominant negative mutant using the lck proximal promoter (38 -41) . However, the reported phenotypes of these FADD dominant negative transgenic mice vary to some extent. Despite a very high level of transgene expression, no changes in T cell development was observed in mice expressing the mouse FADD dominant negative protein (41) . By using the human version of FADD mutant, Walsh et al. (39) found an inhibition of T cell development at the DN stage. Others reported that the FADD dominant negative mutant might inhibit DN to DP transition but can also induce differentiation of DN thymocytes into DP thymocytes in RAG-1 Ϫ/Ϫ mice (38, 42) . To get a clearer picture of whether FADD functions in T cell development, we have generated T cell-specific FADD-deficient mice. Instead of introducing loxP sites into the FADD gene, we chose to use a conditional genomic rescue construct containing the FADD gene f lanked by two loxP sites. We showed that expression of the transgenic FADD in different copy numbers can rescue the embryonic lethality of FADD Ϫ/Ϫ mice. We then used Cre transgenic mice (lck-Cre) to delete the loxP f lanked genomic FADD construct in a T cell-specific manner. Analysis of these mice showed consistently that FADD deficiency in T cells results in several-fold decrease of DP thymocytes and an inhibition of pre-T cell development at the DN3 stage. Cremediated deletion of the Tg-FADD is not complete, possibly because of many factors. The copy number of the transgenic FADD (four copies) could contribute to incomplete deletion. As the lck proximal promoter does not contain locus control region activity, variegated expression of the Cre transgene could be another contributing factor. Finally, as FADD deficiency impairs the DN to DP thymocyte transition, FADD-null DN cells could be at a selective disadvantage; those that retain the FADD transgene would preferentially proliferate to populate the thymic compartment. Consistent with this latter idea, peripheral T cells in tFADD Ϫ/Ϫ mice express FADD at a level indistinguishable from that of the wild-type littermate T cells (data not shown). Southern blot analysis of lymph node DNA also shows quantitatively the same ratio of transgenic band to endogenous band as that of the tail DNA. In addition, no proliferative defects have been detected in the peripheral T cells of tFADD Ϫ/Ϫ mice (data not shown). It is therefore possible that the emergence of mature FADD-null T cells in the young RAG-1 Ϫ/Ϫ chimeras is caused by a lack of competition. Despite a lack of complete Cre-mediated deletion in tFADD Ϫ/Ϫ mice, the data obtained argue that the abnormal T cell development in 2 wk or older FADD Ϫ/Ϫ 3RAG-1 Ϫ/Ϫ chimeras is caused by a complete block of DN to DP transition.
One of the crucial checkpoints during early T cell development is proper assembly of the T cell receptor ␤ chain gene segments (18, 19) . Association of a productively rearranged TCR ␤ product with the pre-T cell ␣ chain is an obligatory event for DN thymocytes to become DP T cells (43) . Signals from the pre-TCR lead to proliferation and differentiation of DN T cells (18, 19) . We showed that the differentiation stage that requires pre-TCR signals, E to L DN3 stage, is normal in tFADD Ϫ/Ϫ mice. Furthermore, introduction of the rearranged 2C TCR transgene does not rescue the FADD-mutant phenotype. These data indicate that TCR ␤ gene rearrangement and the initial pre-TCR signaling proceed normally in the absence of FADD. Although cell cycle analysis failed to reveal any differences between tFADD Ϫ/Ϫ and FADD ϩ DN thymocytes (N.H.K., unpublished data), the increased percentage of DN3 population and the decrease of the absolute cell number of DP thymocytes in the FADD-deficient thymus would indicate that proliferation between DN3 (L)͞DN4 to DP is compromised. Interestingly, RAG-2-deficient DN3 developing in normal thymic environment of a chimeric animal showed normal cell cycle profile (44) , suggesting that pre-TCR signaling is not required for progression of G 1 to S transition in pre-T cells. We also showed that in tFADD Ϫ/Ϫ mice, apoptosis of DN thymocytes does not change substantially. Consistent with this idea, DN thymocytes from tFADD Ϫ/Ϫ mice did not exhibit any changes in p53 tumor suppressor (data not shown), a protein that has been shown to mediate apoptosis of DN T cells in mice with mutation in the pre-TCR complex or in the RAG-1 or RAG-2 gene (45, 46) .
The signal transduction pathways of pre-TCR and mature TCR share many similarities. Many proteins implicated in signaling of mature T cells are also involved in pre-TCR signaling. For example, T cell development of the lck͞fyn double-mutant mice is arrested at the DN3 stage (24) . A similar block was found for mice deficient in SLP76, another protein important for transmitting TCR signals (23) . Recently, the mutation of BRCA-1, a gene implicated in breast cancer and DNA repair͞damage, was shown to affect not only proliferation of mature T cells but also development of DN thymocytes (25) . We have previously shown that FADDdeficient mature T cells, which develop in FADD Ϫ/Ϫ 3RAG-1 Ϫ/Ϫ chimeras are defective in their capacity to proliferate in response to anti-TCR stimulation (11) . TCR-and IL-2-signaling pathways seem to be intact in these cells, suggesting that FADD is required for downstream signals that lead to proliferation. Although this could be formally caused by an indirect effect of abnormal T cell development, we show here that early T cell development in tFADD Ϫ/Ϫ mice is inhibited at the DN3 (L)͞DN4 to DP transition, a critical proliferative stage in early T cell development. Thus, FADD may regulate not only proliferation of mature T cells but also immature T cells during development. Whether FADD is required for transmitting signals of a death-domain containing protein in this context is not known. FADD is phosphorylated at the G 2 ͞M state of the cell cycle (47) , perhaps inf luencing its activity and cell-cycle progression. Future biochemical and genetic experiments are necessary to resolve this issue.
